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Abstract – This research examined whether tropospheric sulfate ion aerosols (SO42–) might be 
applied at a regional scale to mitigate meteorological phenomena with extremely high daily 
temperatures. The specific objectives of this work were: 1) to model the behaviour of SO42– 
aerosols in the troposphere and their influence on surface temperature and incident solar 
radiation, at a regional scale, using an appropriate online coupled mesoscale meteorology and 
chemistry model; 2) to determine the main engineering design parameters using tropospheric 
SO42– aerosols in order to artificially reduce the temperature and incoming radiation at 
surface during events of extremely high daily temperatures, and 3) to evaluate a preliminary 
technical proposal for the injection of regionally engineered tropospheric SO42– aerosols 
based on the integral anti-hail system of the Province of Mendoza. In order to accomplish 
these objectives, we used the Weather Research & Forecasting Model coupled with Chemistry 
(WRF/Chem) to model and evaluate the behaviour of tropospheric SO42– over the Province 
of Mendoza (Argentina) (PMA) on a clear sky day during a heat wave event occurred in 
January 2012. In addition, using WRF/Chem, we evaluated the potential reductions on 
surface temperature and incident shortwave radiation around the metropolitan area of Great 
Mendoza, PMA, based on an artificially designed aerosol layer and on observed 
meteorological parameters. The results demonstrated the ability of WRF/Chem to represent 
the behaviour of tropospheric SO42– aerosols at a regional scale and suggested that the 
inclusion of these aerosols in the atmosphere causes changes in the surface energy balance 
and, therefore, in the surface temperature and the regional atmospheric circulation. 
However, it became evident that, given the high rate of injection and the large amount of mass 
required for its practical implementation by means of the technology currently used by the 
anti-hail program, it is inefficient and energetically costly. 
Keywords – Integral anti-hail system of the Province of Mendoza; sulfate aerosols; 
weather modification; WRF/Chem  
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1. INTRODUCTION  
Atmospheric aerosols play a key role in the climate system [1], [2]. They may influence the global 
radiation balance directly through the dispersion and absorption of the incident shortwave radiation 
(solar radiation) and the outgoing longwave radiation [3], [4], and semi-directly through changes in 
the structure of atmospheric temperature and in the evaporation rate of cloud droplets (i.e. fire cloud 
effect, [5], [6]). In addition, aerosols may affect the radiation balance indirectly through the alteration 
of the optical properties of clouds (i.e. the enhancement of cloud reflectance by increasing the total 
dispersion cross-sectional area, [7]) and the suppression [8], [9] or increase [10] of the precipitation 
regime.  
Sulfate compounds are emitted into the atmosphere by natural sources (volcanoes, sulfur gases 
oxidation produced by plant decomposition) and also by anthropogenic sources, such as the 
combustion of sulfur containing fossil fuels, the smelting of ores and other industrial processes [11]. 
Anthropogenic and natural sources of sulfate aerosols are more abundant in the troposphere than in 
the stratosphere (Table 2 and Table 3, [12]). In addition to aerosol abundance, stratospheric and 
tropospheric aerosols also differ in lifetime. Sulfate aerosols can reside in the stratosphere for several 
months up to several years [13], and in the troposphere sulfate aerosols have a lifetime of a few 
weeks [14]. 
On the global perspective, tropospheric and stratospheric emissions of sulfate aerosols can affect 
the radiation budget of the Earth in two ways. Through the direct effect, they backscatter shortwave 
radiation and reduce the global mean surface air temperature (e.g., [15]). In this regard, estimates of 
direct forcing of tropospheric sulfate aerosols emitted from anthropogenic sources range from −0.3 
to −0.9 W m−2 [16]−[18]. Also, the stratospheric sulfate aerosol concentration due to strong 
eruptions, like 1991 Mount Pinatubo and 1982 El Chichon, have induced a negative radiative forcing 
[19], [20]: the Mount Pinatubo eruption was estimated to have contributed a maximum forcing of 
−4 W m−2 and about −1 W m−2 up to 2 years later, reducing the surface air temperature up to 0.5 °C 
[19]. Sulfate aerosols are hygroscopic having also an indirect effect, modifying cloud cover and 
cloud radiative properties (e.g., [21]). In this respect, the global mean indirect radiative impact from 
tropospheric sulfate in non-volcanic conditions has been estimated to be approximately −1.9 W m−2 
[22]. Likewise, aerosols injected into the stratosphere can reduce precipitation over land [23] and 
enter the troposphere through sedimentation or tropopause foldings and might affect cirrus clouds 
through aerosol-cloud interactions [24].  
Several studies have shown that atmospheric aerosols may have a significant climatic impact at a 
tropospheric regional scale [1], [25]−[27]. Giorgi et al. and Qian and Giorgi [28]−[30] evaluated the 
regional climatic impact caused by anthropogenic sulfate aerosols in East Asia and found that they 
help explain the cooling observed in several regions for decades during the 20th century. Even more, 
Giorgi et al. [28] found that indirect aerosol effects induce a negative radiative forcing that results in 
a decrease of precipitation which prevails during the warm season. After that, Wu et al. [31] pointed 
out that the radiative forcing of sulfate aerosols was −0.39 W m−2 over China. Ekman and Rodhe 
[32] conducted similar studies in Europe and found that anthropogenic industrial sulfate aerosols 
might cool the region by more than 1 C.  
Since atmospheric aerosols are capable of modifying the composition and behaviour of 
atmospheric dynamics, they can be used to artificially modify the weather or the climate. Aerosols 
have been used at a regional and urban scale to reduce hail [33], [34] and to improve or produce 
liquid precipitation or snow [35], [36], using silver iodide (Agl), lead iodide (Pbl2), aluminum oxide 
(Al2O3) and barium (Ba) as seeding agents. At a global scale, an example of a theoretical intentional 
human intervention in the environment is the solar geoengineering method of injecting sulfate 
aerosols into the lower stratosphere, which have optical properties that allow the incoming solar 
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radiation to be dispersed [37], [38]. The method is based on the effects caused by sulfate emitted by 
large volcanic eruptions into the lower stratosphere, such as that of Mount Pinatubo in 1991 (e.g., 
[39], [40]). Solar geoengineering via aerosol injections aims at increasing sulfate aerosol levels, 
causing a rise in planetary albedo and diminishing the incoming solar radiation, thus reducing the 
mean global surface temperature (e.g., [41]). The discussion on the method has been mostly focused 
on the use of sulfur dioxide (SO2). However, sulfate ion (SO42−), hydrogen sulfide (H2S), sulfuric 
acid (H2SO4), dimethyl sulfide (DMS), carbonyl sulfide (OCS), carbon sulfide (CS2), ammonium 
sulfate ((NH4)2SO4) and engineered nanoparticles could also be used (e.g., [42]). 
Some critical aspects in the design of the stratospheric sulfate injection plume such as the aerosol 
types, amount of spray injection, injection area, size distribution approach and injection rate and 
height have been discussed in geoengineering researches using general circulation models. In this 
respect, for example, stratospheric injection of SO2 could be time-constant continuous (e.g., GeoMIP 
experiment G4, [43], [44]) or a time-varying (e.g., GeoMIP experiment G3, [44]); increasing 
amounts of SO2 injections could be modified year by year to maintain the top-of-atmosphere net 
radiation constant (e.g., [45]). Since the resulting radiative forcing depends on both altitude and 
latitude of the geoengineering injection (e.g., [46]), SO2 injection could be performed at several 
independent locations to obtain multiple climate objectives simultaneously [46], [47]; and SO2 could 
be injected into seasonally varying areas to obtain more zonally uniform shortwave radiative forcing 
[48].  
Most simulations of stratospheric aerosol geoengineering have focused in equatorial or tropical 
SO2 injections (e.g., [44]). The use of sulfur dioxide is probably because of linear association 
between the size of SO2 loading and the reduction in temperature evidenced in previous simulations 
(e.g., [49]). However, such simulations used a SO2 size distribution based on observations of the 
eruption of Mount Pinatubo in 1991, which do not consider that the climatic effects of stratospheric 
injections could be limited by the increase of aerosols. In this regard, Heckendorn et al. [50] used a 
global model coupled with a two-dimensional aerosol microphysical model to simulate the 
nucleation, growth and coagulation of aerosols. Such modelling consisted of the injection of SO2 at 
50 hPa in a narrow region near the Equator, which showed that aerosols can grow more than twice 
their size compared to aerosols observed in Mount Pinatubo, and finally generate an aerosol particle 
with a shorter lifetime and less radiative forcing. In turn, Niemeier et al. [51] predicted that the 
injection of SO2 at 30 hPa instead of 50 hPa increases aerosol loading by ~50 %. In order to increase 
loading and minimize the size of the sulfate aerosol, Pierce et al. [52] suggested using an injection 
of H2SO4 instead of SO2 in a narrow region around the Equator. In addition, Pierce et al. found that 
the H2SO4 injection doubled the sulfate loading compared to the SO2 injection used by Heckendorn 
et al. [50]. Vattioni et al. [53] corroborated previous study with uncoupled aerosol and radiation 
modules, suggesting that, compared to SO2 injection, the direct emission of Accumulation-mode-
H2SO4 droplet results in more radiative forcing for the same sulfur equivalent mass injection 
strength. English et al. [54] compared the efficiency of injecting three different kinds of sulfates: 
SO2, H2SO4 and SO42−. They found that the SO42− rather than the SO2 injection increases sulfate 
loading, and that the H2SO4 injection rather than the SO2 injection does not visibly alter the size or 
the mass of the sulfate, in contrast to the work conducted by Pierce et al. However, in line with the 
latter, they found that a SO42−, rather than a SO2 injection, with a log-normal distribution, a 1.5 width 
and a maximum radius peak of 0.1 µm, results in smaller particles and produces a mass loading 51 % 
higher than SO2 in a narrow region located between 4 N and 4 S. Additionally, Visioni et al. [55] 
stressed that two global-scale models using different aerosol schemes (i.e. bulk and sectional 
schemes) can produce different results on the stratospheric sulfate lifetime and surface deposition, 
showing that it is still necessary to deepen into the subject.  
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The use of sulfate on a global scale is not the only possible deployment scenario, and specific 
consideration has been given to its use in tackling heat waves. In this regard, Bernstein et al. [56] 
showed the potential to mitigate a heat wave in a modelling case study with a regional 
chemical/dynamical model applying stratospheric sulfate injections. They studied the effect of 
regional-scale sulfate aerosol emissions over California during a two-day heat wave in July 2006 in 
order to quantify potential reductions in surface temperature. They found that for emission rates of 
approximately 30 µg m−2 s−1 of sulfate aerosols at 12 km, produces temperature decreases of around 
7 C during the middle part of the day over the Central Valley; while metropolitan and regions 
affected by oceanic air showed slightly smaller reductions. The size and injection of the aerosols 
close to the target region raise substantial concerns. 
The scope of this research work was to examine whether SO42− aerosols, considered at a global 
scale by solar geoengineering, might be applied at the tropospheric regional scale in order to mitigate 
meteorological phenomena with extremely high daily temperatures. Therefore, we listed the 
following specific objectives:  
1) to model the behaviour of SO42− aerosols in the troposphere and their influence on temperature 
and surface incident solar radiation, using an appropriate online coupled mesoscale meteorology and 
chemistry model;  
2) to determine the main geoengineering design parameters using tropospheric SO42− aerosols in 
order to artificially reduce the 2 m air temperature by 0.5 C and the surface incident radiation during 
events with extremely high daily temperatures;  
3) to evaluate a preliminary technical proposal for the injection of regionally engineered 
tropospheric SO42− aerosols.  
Therefore, we used the Weather Research & Forecasting Model coupled with Chemistry 
(WRF/Chem: [57], [58]) to model and evaluate the behaviour of tropospheric SO42− at a regional 
scale over the Province of Mendoza (Argentina) during a heat wave event that occurred in January 
2012. In addition, using WRF/Chem, we evaluated the potential reductions in temperature and 
surface incident shortwave radiation around the metropolitan area of Great Mendoza, Province of 
Mendoza, based on an artificially designed aerosol layer and on observed meteorological parameters. 
In this work, we sought to implement SO42− seeding using the technological infrastructure currently 
used by the operational anti-hail program of the Province of Mendoza [34], [59]. 
2. METHODS AND PROCEDURES 
2.1. Case Study 
Heat waves are usually associated with quasi-stationary anomalies in atmospheric circulation that 
produce subsidence, weak winds, clear skies, adiabatic warming, warm air advection, positive 
anomalies in incident solar radiation as a result of the reduction in cloudiness and prolonged heat 
conditions on the surface. Various regions on the planet have already experienced the effects of these 
events, resulting in mortality and morbidity in thousands of people [60]. Furthermore, heat waves 
have an impact on agricultural resources, on industry and tourism [61], and on ecology [62]. They 
increase the demand for water and energy [63]; and the risk of forest fires [64] and droughts [65], in 
addition to facilitating the photochemical production of contaminants such as ozone, the emission of 
biogenic isoprene organic compounds and the production of secondary aerosols such as peroxyacetyl 
nitrate [66]. In South America and Argentina, heat waves have been extensively investigated 
[67], [68]. 
The Province of Mendoza, located in the southwest of the Argentine Republic, has been frequently 
affected by heat waves [69]. In this aspect, in the province, a heat wave is declared when the 
Environmental and Climate Technologies 




minimum daily temperature at 2 m does not drop below 20 C for at least 3 consecutive days. January 
2012 was no exception since a heat wave was registered which increased power consumption in the 
region and the number of people affected by heat stroke [70].  
In this work, we focused our studies on the urban metropolitan area of Great Mendoza (32 47' 
59.1" S − 33 02' 34" S, 68 53' 59.5" W − 68° 36' 57.1" W, 750 m a.s.l., total surface area of 170 
km2) of the Province of Mendoza on January 8, 2012, since that date exhibited favourable 
meteorological conditions for injecting SO42− aerosols in the troposphere in a clear sky and, therefore, 
for analysing the direct effects of such aerosols (Fig. 1). The analysed urban center is located in the 
North Center of the province, in the piedmont of Los Andes Mountain Range [71]. 
Below, we present the atmospheric patterns associated to the month of January 2012 and, in 
particular, those corresponding to January 8. 
 
 
 (a) (b) 
Fig. 1. Province of Mendoza, located in Western Argentina, and metropolitan area of Great Mendoza, located in the center-
east of the Province of Mendoza: a) WRF/Chem-modelled nested domains, with the terrain heights in m a.s.l.: Domain 
D01 (36-km horizontal spatial resolution), Domain D02 (12-km horizontal spatial resolution), Domain D03 (4-km 
horizontal spatial resolution); b) Domain D03 enlarged, together with the distribution of the emission sources of 
tropospheric SO4
2− aerosols, according to configurations A and B. The black dot shows the location of the City of Mendoza 
(32 54' S, 68 51' W). The grey dots indicate the CCT (32 53' S, 68 52' W) and AERO (32 50' S, 6848' W) weather 
stations. Dotted line: cross-sectional cut. 
2.1.1. Atmospheric Conditions on January 8, 2012 
Fig. 2 shows the compositions of the surface temperature anomalies at 1000 hPa and the evolution 
of outgoing longwave radiation anomalies at the top of the atmosphere on January 8, 2012. That day 
exhibits a stationary center of strong positive anomalies located at approximately 40 S 67 W and 
positive anomalies in longwave radiation associated to lower convection activity covering practically 
the entire Argentine territory. 
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Fig. 2. Composites anomalies of: a) 1000 hPa temperature; b) outgoing longwave radiation at the top of the atmosphere, for 8 
January 2012 and the climatological mean of the 1981−2010 interval. Figure built from images provided by the Earth System 
Research Laboratory of the National Oceanic and Atmospheric Administration, Boulder, Colorado, on its website [72]. 
In turn, Fig. 3 shows the air temperature at 2 m for the same day, recorded at the surface 
meteorological station of the Argentine Council of Scientific and Technical Research − Mendoza 
(CCT) (32 53' S, 68 52' W) and Mendoza International Airport (AERO) (32 50' S, 68 48' W). 
According to the image, the 2 m air temperature on that day at both stations reached its minimum 
value (21−22 C) around 8:00 LT. After 9:00 LT, it started to rise until 20:00 LT, when it started to 
drop again. Therefore, the meteorological intervention of injecting tropospheric SO42− aerosols took 














Fig. 3. 2 m air temperature at CCT (32 53' S, 68 52' W) and AERO (32 50' S, 68 48' W) surface meteorological stations 
for 8 January 2012. 
Fig. 4 shows the radiosounding for 8 January 2012 at 9:00 LT. The air temperature curve observed 
indicates that the air layer located at around 600 hPa (~ 4 km a.s.l.) and 850 hPa  
(~2 km a.s.l.) has a positive atmospheric stability. This situation determines that the rise of an 
artificial sulfate injection will be limited by the stability of those two layers. The air temperature and 
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wind speed at 850 hPa reach 19 C and 18 km h−1, respectively. At 600 hPa, air temperature is  
4.6 C and wind speed 40 km h−1. Moreover, winds blow from the northwest in both pressure levels. 




Fig. 4. Radiosounding observed at the AERO meteorological station (32 50' S, 68 48' W) for 8 January 2012 at 9:00 LT. 
For 8 January 2012, at a regional scale, Fig. 5 indicates that the mean wind speed around 
32 S − 68 W is around between 40 and 60 km h−1 at 850 and 600 hPa, respectively. At both 
pressure levels, the average wind direction comes from the north-northwest. Additionally, Fig. 6 
shows that the average daily thermal gradients around the same point have an absolute thermal 
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Fig. 5. Average wind speed (contour) and direction (arrows) for 8 January 2012 at: a) 850 hPa; b) 600 hPa. Figure built 
from images provided by the Earth System Research Laboratory of the National Oceanic and Atmospheric Administration, 
Boulder, Colorado, on its website [72]. 
 
Fig. 6. Average thermal gradient for 8 January 2012 at: a) 850 hPa; b) 600 hPa. Figure built from images provided by the 
Earth System Research Laboratory of the National Oceanic and Atmospheric Administration, Boulder, Colorado, on its 
website [72]. 
Analysing the data from the Global Forecast System (GFS: [73]), it can be observed that on 
January 8 2012 between 9:00 and 20:00 LT, the winds of both stable layers came from the north and 
north-east (figures not shown here). 
2.1.2. Design and Control of the Tropospheric Sulfate Aerosol Emissions in the Study Area 
In this research study, we simulated the seeding of SO42− based on the technological infrastructure 
currently used by the operational anti-hail program of the Province of Mendoza [34]. The seeding 
system has two Agl injection methods. The first one consists of the use of four Cheyenne turboprop 
aircraft, which use two types of explosives (cartridges and flares). The second method consists of 
850 hPa wind vector, m·s–1 600 hPa wind vector, m·s–1 
600 hPa temperature lapse rate, °C·km–1 850 hPa temperature lapse rate, °C·km–1 
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using more than a dozen surface generators which emit Agl with dissolution of acetone, located in 
areas where air operations are restricted. 
The simulated sulfate emissions were controlled by:  
1) meteorological parameters;  
2) target area;   
3) and the sulfate emission source.  
In this context, the most significant meteorological parameters considered in the design for the 
injection of tropospheric SO42− aerosols were: wind speed, direction and persistence, longwave 
radiation at the top of the atmosphere, and atmospheric thermal stability, the latter being determined 
by calculating the temperature difference between an air parcel and the surrounding air. In addition, 
the target area, that is, the site where the impact of the tropospheric SO42− aerosols applied at a 
regional scale is to be evaluated, was Great Mendoza (32 50' S, 68 50' W, 750 m a.s.l.). 
In turn, the emission source was described by the emission height, the distribution of the emission 
sources, rate (period) of injection and emission rate. 
The maximum height of SO42− emission is found at 600 hPa (4 km a.s.l.), that is, in the atmospheric 
layer of no divergence, no convergence, maximum vertical speed or maximum rise or fall. In turn, 
the minimum height of aerosol emissions was at the upper limit of the planetary boundary layer 
located in the City of Mendoza (32 54' S, 68 51' W) at 850 hPa, between 1.5 and 2 km a.s.l. The 
stratosphere layer has not been considered a desirable injection level since it is dominated by fast 
westerly wind speeds (~80 km h−1) which may reduce the sulfate lifetime over the Province of 
Mendoza during heat waves (see Fig. 7). 
 
 
Fig. 7. Average wind speed (contour) and direction (arrows) at 200 hPa for three-day heat waves during the summer period of 
the years 1977−2018 in the Province of Mendoza. Figure built from images provided by the Earth System Research Laboratory 
of the National Oceanic and Atmospheric Administration, Boulder, Colorado, on its website [72]. 
For this experiment, we proposed several distribution schemes for the emission sources. According 
to the analysis of SO42− aerosol lifetime in the troposphere, we established two injection methods: 
continuous and pulsating. 
The minimum injection rate was set at 100 g s−1 per km2, considering the maximum industrial 
emission rates of Argentina. In this work, we also considered other lower rates (30 and  
200 hPa wind vector, m·s–1 
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50 g s−1). The maximum emission rate was determined at 1000 g s−1 per km2, based on industrial 
emissions derived from mega cities such as Mexico [74]. 
2.2. Modeling System Used in the Injection of Tropospheric Sulfate Aerosols 
Studies on the impact of the tropospheric injection of SO42− at a regional scale require accurate 
models which include the interactions between air contaminants and meteorological conditions. In 
order to design the injection of tropospheric SO42−, in this work we used version 3.5 of the 
WRF/Chem model. WRF/Chem is an online model used in many previous studies (e.g., [75], [76]), 
with a modular structure capable of considering a variety of physical and chemical processes 
simultaneously coupled with meteorology, such as transport, mixture, deposition, emission, 
chemical transformation, aerosol interactions, photolysis processes and radiative transfer [57]. The 
short chemical time steps used by WRF/Chem make it a suitable model to study short lifetime species 
(<5 days), such as tropospheric SO42−. 
The chemical simulations of the regional design for tropospheric injections of SO42− with 
WRF/Chem were configured with 3 nested domains with a 3:1 ratio using the 1-way nesting strategy 
(Table 1). This type of nesting allows the finer resolution domain to acquire the initial and boundary 
chemical conditions of its preceding domain. In this way, we obtained two more external domains 
with a horizontal spatial resolution of 36 km (D01) and 12 km (D02), approximately centered at 
32 S 68 30' W, and an internal domain of 4 km (D03) centered in the City of Mendoza. Domains 
D01, D02 and D03 covered a total surface area of approximately 4 000 000, 650 000 and 105 000 
km2, respectively. The simulations performed with the design covered 15 days of simulation, from 
1 January 2012 at 0 UTC to 15 January 2012 at 0 UTC. 
TABLE 1. LOCAL CONFIGURATION OF WRF/CHEM (MULENA ET AL. [77] AND 
GRELL ET AL. [57] AND INTERNAL REFERENCES) 
Parametrization Schemes D01 D02 D03 
Input     
Terrain elevation SRTM31 – – – 
Land Use-Land Cover Customized – – – 
Analysis GFS2 0.5 · 0.5    
Resolution     
Temporal Δt (seg) 216 180 24 
Spatial Δx, Δy (km) 36 12 4 
Vertical Δη (ETA levels) 40 40 40 
Upper pressure p_top (hPa) 50 50 50 
Dynamics     
Integration 2nd order Runge-Kutta  3 3 3 
Vertical speed Damping enabled 1 1 1 
Turbulence and mixture 2nd order diffusion 1 1 1 
Eddy Coefficients Smagorinsky 4 4 4 
Horizontal scalar advection (vertical) – 5 5 5 
Horizontal moment advection (vertical)  – 5 5 5 
Prognosis Enabled 0 0 0 
Physical parametrizations     
Microphysics Morrison’s two moments 10 10 10 
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Longwave radiation (LW) RRTM3  1  1  1  
Shortwave radiation (SW) Goddard  2  2  2  
Soil Noah Land Surface Model  2 2 2 
Soil Surface levels − 4 4 4 
Physical surface layer Monin-Obukhov Similarity Theory 1 1 1 
Planetary boundary layer YSU4 1 1 1 
Cumulus Kain-Fritsch scheme 1 1 1 
Note: 1. SRTM3: Shuttle Radar Topography Mission Data; 2. GFS: Global Forecast System [73]; 3. RRTM: Rapid Radiative Transfer long-wave Model; 4. 
YSU: Yonsei University. 
 
Table 1 lists the WRF/Chem physical and dynamical parametrizations used. The grid nudging 
option of the WRF's Four-Dimensional Data Assimilation (FDDA) system was used in domain D01, 
as suggested by Carvalho et al. [78]. However, to avoid possible interferences in the resolved 
mesoscale forcing mechanisms that are important to the development of the boundary layer [79], no 
nudging was applied inside the Planetary Boundary Layer. Regarding the chemical parametrizations, 
all the simulations employed the gas-phase model known as Regional Acid Deposition Model 2 
(RADM2: [80]) and the aerosol model, called Modal Aerosol Dynamics Model for Europe 
(MADE/SORGAM: [81]). The initial and boundary chemical conditions, that is, the chemical 
concentrations of aerosols and gas for domain D01 of the regional design are idealized. The inner 
domains in both designs obtain their chemical conditions from their parent domains: D02 from D01 
and D03 from D02. Additionally, chemical emissions from aerosols and gases, derived from 
anthropogenic, natural and biogenic sources, were used. Biomass burning sources were disregarded. 
Anthropogenic chemical emissions for all domains derive from global databases: REanalysis of the 
TROpospheric chemical composition (RETRO: [82]) and Emission Database for Global 
Atmospheric Research (EDGAR: [83]). Both databases were modified using the chemical speciation 
of the emissions inventory of the National Emissions Inventory for the U.S.A. (NEI [84]). In 
addition, all the domains employ GOCART background emissions [85]. Biogenic emissions for all 
the domains derive from the Model of Emissions of Gases and Aerosols from Nature version 3.1 
(MEGAN: [86]), and GOCART natural emissions [85].  
The injections of SO42− into the troposphere and the tests on their impact were performed in domain 
D03. Seven experiments were conducted in this domain: one simulation without SO42− emissions 
called Test_Control and six simulations with SO42− emissions detailed in Table 2. The simulations 
with aerosol emissions included two types of SO42−, the Aitken mode (SO4I) and the Accumulation 
mode (SO4J). Emission rates range between 30 and 1000 g s−1 per km2 and injection heights 
correspond to 2 and 4 km a.s.l. Note that injections begin at 8:00 LT (11:00 UTC). Table 2 shows 
two different types of source distributions of tropospheric SO42− that cover the target area: A and B 
(Fig. 1). Thus, A is defined as a emission source of ~50 km × 50 km (2500 km2) area, centered in 
the City of Mendoza, which covers the Great Mendoza territory. B is determined by four emission 
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TABLE 2. SUMMARY OF THE EXPERIMENTS CONDUCTED WITH TROPOSPHERIC SO42− 






g s−1 per km2 
Emission height, 
km a.s.l. 
Emission hours, LT 
Sources 
distribution 
ID1 SO4I1 30 4 8−14  A3 
ID2 SO4I 
100 2 8−11 
B4 
50 2 14−17 
ID1B SO4I 30 1 8  A 
ID3 SO4I 30 4 8  A 
ID4 SO4J2 30 4 8 A 
ID5 SO4I 1000 4 8−14 A 
Note: 1SO4I – aerosol emissions in Aitken mode, with an average diameter of Dp 0.01 < Dp < 0.1 µm [87]; 
2SO4J – 
aerosol emissions in Accumulation mode, with 0.1 < Dp < 1 µm; 
3A – 1 emission source of ~50 km  50 km 
(2500 km2) area, centered in the City of Mendoza (32 54' S, 68 51' W); 4B – 4 emission sources of 16 km2 area, located 
in the west of the City of Mendoza. 
 
To analyse the design aspects of a tropospheric SO42− artificial injection layer at a regional scale 
on January 8, 2012, the concept of anomaly on domain D03 was used. On this point, the anomaly of 
a variable is defined as the difference between the value of a simulation variable with artificial 
injection of SO42− and the corresponding value of the same variable derived from the simulation 
without injection of aerosols. In addition, the difference between the variables of two experiments 
with artificial emissions (ID3−ID4) was employed. The concentration of SO42− at a specific height, 
the surface temperature and shortwave solar radiation variables were studied. Furthermore, aspects 
such as regional atmospheric circulation and radiative balance were analysed using the concept of 
anomaly. 
3. RESULTS 
Using the ID1−Test_Control and ID2−Test_Control differences, Fig. 8 shows the effects produced 
by the injection of sulfate aerosols at two different heights on surface temperature and incident 
radiation shortwave on January 8, 2012 at 12:00 LT. The image shows that the injections of aerosols 
at 2 and 4 km a.s.l. performed by ID1 (upper panel) and ID2 (lower panel), respectively, increase the 
concentration of aerosols at such heights (positive anomalies of Fig. 8(a)), thus decreasing solar 
radiation (negative values of Fig. 8(b)) and surface temperature (negative values of Fig. 8(c)). 
Additionally, it can be observed that surface temperature anomalies produced by pulsating emissions 
of ID2 are very similar to those obtained by the continuous emissions derived from ID1. Both 
experiments produce a mean surface temperature decrease of 0.1 C at 12:00 LT. 
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Fig. 8. Anomalies calculated as ID1−Test_Control at 4 km a.s.l. (upper panel) and ID2−Test_Control at 2 km a.s.l. (lower 
panel) on January 8, 2012 at 12:00 LT for: a) Aitken-mode SO4
2− concentration; b) surface incident shortwave radiation; 
c) surface temperature. 
Based on the same experiments, Fig. 9 shows a vertical cross-section along 32 54' S latitude of 
Aitken mode SO42− concentration anomaly (see dotted line in Fig. 1(b)). The image indicates that 
the average sulfate aerosols of ID1 and ID2 experiments remain at 4 and 2 km a.s.l. respectively, for 
at least 3 hours after the initial injection (performed at 8:00 LT). This situation evidences the ability 
of the WRF/Chem model to reproduce the stability in the above-mentioned layers. Additionally, 
using the ID1B−Test_Control difference, Fig. 10 shows the behavior of average sulfate aerosols at 
4 km a.s.l in the longitudinal section, taken at latitude of 32 54' S. The image remarks that the 
maximum residence time of the aerosol plume at 4 km a.s.l. is approximately 3 hours. 
 
Sulfate conc. Aitken mode, ug kg–1 dry air Downward shortwave flux at ground, Wm–2 2 m temperature, °C 
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Fig. 9. Cross-sectional profile by longitude and height of Aitken-mode SO4
2− concentration anomaly calculated as 
ID1−Test_Control at 4 km a.s.l. (upper panel) and ID2−Test_Control at 2 km a.s.l. (lower panel), taken at latitude of 
32 54' S (see dotted line in Fig. 1(b)), for January 8, 2012 at: a) 9:00 LT; b) 10:00 LT; c) 11:00 LT. 
 
Fig. 10. Time versus longitude section of Aitken-mode SO4
2− concentration anomaly calculated as ID1B−Test_Control at 
4 km a.s.l. The analysis is based on concentration averages at 32 54' S (see dotted line in Fig. 1(b)). 
Fig. 11 shows the spatial distribution of aerosols with the Aitken mode (upper panel) and the 
Accumulation mode (lower panel) at 4 km a.s.l. for 8 January 2012, estimated through 
ID3−Test_Control. The positive values of the image indicate that the aerosol concentrations of the 
ID3 with Aitken and Accumulation modes exceed the concentrations of the same size distribution 
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generate aerosols in the same mode and then they grow to the Accumulation mode. This proves the 
ability of WRF/Chem to simulate particle growth in the troposphere. 
 
 
Fig. 11. Aitken-mode (upper panel) and Accumulation-mode (lower panel) SO4
2− concentration anomalies calculated as 
ID3−Test_Control at 4 km a.s.l. for different hours of 8 January 2012: a) 10:00 LT; b) 11:00 LT; c) 12:00 LT. 
The control ability of different configurations of aerosol layers on the target area is analysed below. 
As of ID3−ID4, Fig. 12 shows the effects of size distribution of sulfate aerosols. In this regard, 
according to the MADE/SORGAM module, experiment ID3 considers primary emissions with the 
Aitken mode (SO4I) which generate concentrations with the Aitken and Accumulation modes, while 
experiment ID4 (with SO4J primary emission) can only produce aerosols in the Accumulation mode. 
The upper panel of Fig. 12 indicates the plume corresponding to the total (Aitken mode + 
Accumulation mode) SO42− concentration anomaly at 4 km a.s.l., moving in the S-E direction and 
moving away from the target area (Great Mendoza). The same figure shows that in the center of the 
plume, experiment ID4 generates higher aerosol concentrations (positive anomalies) than ID3. The 
lower panel of Fig. 12 shows that negative anomalies (positive) of the surface shortwave radiation 
are associated to negative (positive) values of aerosol concentration in upper panel of Fig. 12. 
As well, these latter anomalies indicate that ID4 configuration with SO4J primary emissions 
produces a higher (lower) surface incoming solar radiation than the ID3 configuration with SO4I. 
Thus, a primary emission in Aitken mode would be more suitable than one in the Accumulation 
mode.  
Sulfate conc. Accum mode, ug kg–1 dry air 
Sulfate conc. Aitken mode, ug kg–1 dry air 
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Fig. 12. Anomaly calculated as ID3−ID4 for total (Aitken mode + Accumulation mode) SO4
2− concentration at 4 km a.s.l. 
(upper panel) and surface incident shortwave radiation on January 8, 2012 at: a) 9:00 LT; b) 10:00 LT; c) 11:00 LT. 
Fig. 13 exhibits the effects produced by sulfate aerosols on the radiative balance on January 8, 
2012 at 12:00 LT. Table 2 shows that ID5 has the same configuration as ID1, but with a higher rate 
(1000 g s−1 km−2 injection). Through the ID5−Test_Control difference, the image shows that ID5 
produces a slightly higher aerosol concentration on surface than the aerosol concentration of the 
control test (< 1 µg kg−1 dry air) (Fig. 13(a)), a slight reduction in surface temperature (Fig. 13(b)), a 
decrease of incoming surface shortwave radiation (Fig. 13(c)) and a loss of non-radiative sensible 
heat flux (Fig. 13(d)). In comparison to the ID1 rate of 30 g s−1 km−2 that barely modifies the surface 
temperature; the ID5 rate of 1000 g s−1 km−2 could achieve an average decrease of surface 
temperature of 0.5 C around Great Mendoza. Such non-radiative flux represents the loss or gain of 
surface heat by conduction, that is, through heat transfer between the lowest layers of the atmosphere 
and the surface. 
 
Total Sulfate conc., ug kg–1 dry air 
Downward shortwave flux at ground, Wm–2 
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Fig. 13. Anomaly calculated as ID5−Test_Control on January 8, 2012 at 12:00 LT for: a) total (Aitken mode 
+ Accumulation mode) SO4
2− concentration at surface; b) surface temperature; c) surface incident shortwave radiation; 
d) surface sensitive heat flux. 
Considering the ID5−Test_Control difference, Fig. 14 displays the effects of aerosols on the 
regional atmospheric circulation. Thus, the image shows the differences in horizontal wind speed, 
geopotential height and vertical wind speed at 2 km a.s.l. on January 8, 2012 at 11:00 LT. The figure 
reveals that aerosol emissions of experiment ID5 at 4 km a.s.l. produce changes along the 
atmospheric column. Consequently, in comparison to the control test, the experiment ID5 produces 
positive horizontal wind speed (dark-grey region of Fig. 14(a)) and negative geopotential height 
(light-grey region of Fig. 14(b)) anomalies around the City of Mendoza. These latter anomalies are 
associated to a thin and lower mean temperature layer (colder) related to the negative anomalies of 
the vertical speed shown in light-grey region of Fig. 14(c). 
 
Downward shortwave flux at ground, Wm–2 Sensible heat flux at ground, Wm–2 
2 m temperature, °C Total Sulfate conc., ug kg–1 dry air 
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Fig. 14. Anomaly calculated as ID5−Test_Control at 2 km a.s.l. on January 8, 2012 at 11:00 LT for: a) wind horizontal 
speed; b) geopotential height; c) wind vertical. 
4. DISCUSSION 
A regional operation of tropospheric SO42− emissions could be conducted in this research. To 
reduce the surface temperature by roughly 0.5 C for 3 consecutive hours approximately, a  
1000 g s−1 km2 emission rate of SO42− is required. This is like injecting an SO42− mass of 3.6 ton per 
hour per km2 into the troposphere with the Aitken mode. To this end, four Cheyenne turboprop 
aircraft could be used (each with a payload capacity of 1 ton) from the anti-hail program of the 
Province of Mendoza. In this case, the four Cheyenne turboprop aircraft would emit an additional 4 
ton of CO2 per hour per km2, increasing the greenhouse gases (GHG) environmental burden. This 
environmental cost is estimated by evaluating type of aircraft, flight time, number of take-off and 
landing cycles, fuel consumption, and fuel emission factor, among others (Table 3). Therefore, to 
cover 170 km2 of the Great Mendoza territory, 680 ton of CO2 would be emitted. In comparison, 
42 500 houses in the same area, using air conditioning systems during 3 hours, for a temperature 
reduction of 0.5 C, would emit 150 ton of CO2 (Table 4). This value was obtained considering the 
mean GHG emissions from electricity supply in Argentina. However, the total variable and fixed 
direct operating cost inherent to the aeronautical system required to inject the aerosols would be of 
3 000 000 USD approximately, in contrast to 21 700 USD derived from the electricity cost of air 
conditioning use (Table 5). These values are solely estimated for the purposes of an approximate 
assessment of the environmental and economic cost of both possible solutions and do not imply an 
exhaustive analysis whatsoever. However, although not fully considered here, the health 
implications of emitting sulfate aerosols on an urban area will most probably produce huge effects 
on population health and ecosystems [88]. Eastham et al. [89] have estimated (although with high 
uncertainties) the impact of stratospheric sulfate geoengineering on mortality from air quality and 
UV−B exposure, concluding that more than 26 000 premature death per year on a global basis would 
occur when applying climate engineering. It could be assumed, then, that in the case of tropospheric 
injections, the death rate would be higher, due to the increase in the air concentration of sulfates by 
deposition in the study area. However, in the case of heat waves, these emissions would be only 
eventual, so a conclusion on the subject requires more detailed studies.  
Wind horizontal speed, km·h–1 Geopotential height, mgp Wind vertical speed, km·h
–1 
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Type of fuel used Aero-Kerosene 
Kerosene density, kg/l 0.81 
Fuel Consumption at cruise speed, l/h 265 
Fuel Consumption in LTO, l/h 125 
Payload capacity, Tn 1 
Number of aircraft required by km2, to cover 4 Tn 4 
Range per aircraft, h 1 
CO2 emission factor, kg/l 2.58 
CO2 emissions per flight (cruise + LTO), kg/h 1 006 
TABLE 4. DATA USED FOR THE ESTIMATION OF CARBON DIOXIDE (CO2) DERIVED 
FROM THE USE OF AIR CONDITIONING SYSTEMS IN GREAT MENDOZA 
Region  Great Mendoza 
Area, km2 170 
Number of inhabitants 1 500 000 
Number of houses per km2 (number of houses 
per km2) 
250 
Houses with air conditioning systems (number of 
houses in 170 km2) 
42 500 
Air conditioning consumption, kWh 2.4 
Supply factor in Argentina, kg CO2/MWh 490 
 
TABLE 5. ECONOMIC COMPARISON BETWEEN ELECTRICAL POWER COST DERIVED 
FROM THE USE OF AIR CONDITIONING AND THE COST RESULTING FROM THE USE OF 
CHEYENNE TURBOPROP AIRCRAFT 
Electrical power  Aircraft  
Cost, USD/MWh 71 
Total operation cost, USD/h 
flight 
4 500 
Consumption due to the use of air 
conditioning in 42500 houses, MWh 
102 
Consumption hours, h 680 
Consumption hours, h 3 
Consumption in 3 h, MWh 306 
Total cost, USD 21 726 Total cost, USD 3 060 000 
 
To briefly discuss the tropospheric regional design shown here, it will be compared to 
a geoengineering application discussed by Heckendorn et al. [50] and English et al. [54]. These 
works employ a 107 ton injection rate of S per year−1 to diminish the global temperature by at least 
0.5 C in a 10 000 000 km2 total surface area (Table 1, [54]). This emission is a very low fraction 
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compared to 3.6 ton of SO42− per hour per km2 proposed in the present study; i.e. approximately 1000 
times lower than the emission of sulfur in equivalent terms, considering that 1 ton S is ~3 ton of 
aerosol particles. This brief analysis suggests that less SO42− aerosol injection is required in the lower 
stratosphere than in the troposphere. Because the injected sulfate aerosols lifetime in the stratosphere 
is months, compared to a tropospheric lifetime of days [90]. 
Additionally, the results from the WRF/Chem model used in Bernstein et al. [56] and our research 
suggests that the inclusion of sulfate layer in atmosphere reduces surface temperature at urban and 
regional scales. In this respect, for example, the metropolitan-scale 30 μg m−2 s−1 at 12 km altitude 
considered by Bernstein et al. produced a mean surface temperature decrease of 2 C at the time 
of solar noon (Fig. 14 by [56]). This reduction is roughly 20 times larger than the surface air 
temperature reductions over Great Mendoza, considering the same emission rate at 4 km a.s.l. (see 
result of ID1 design by Fig. 8). While the injection Bernstein et al corresponds to 360 ton of sulfate 
aerosols integrated over 1 700 km2 and 2 hr; our injection was of 1 600 ton of aerosols integrated 
over 2 500 km2 and 6 hours injections interval (see ID1 experiment in Table 2).  
The choice of the parameters of engineering injection in both studies mainly depends on the 
specific meteorological conditions. These simulations were carried out around at 30 degrees of 
latitude to the equator in both hemispheres, which are influenced to midlatitude frontal systems. 
Thereby, Bernstein et al. chose the 12 km a.s.l. injection height based solely on local considerations 
of minimal flow (roughly 14 to 50 km h−1) for a specific city at a time just before the start of the 
injections. In our case, the 2 and 4 km a.s.l. injection heights were determined based on wind speed, 
direction and persistence, and atmospheric thermal stability on their respective layers. A 
stratospheric injection, near the tropopause, such as that made by Bernstein et al., is not possible due 
to fast westerly wind speed over the Province of Mendoza. Moreover, both researches insert aerosols 
during the morning hours which allow them to act at the hours of maximum temperatures. In this 
respect, Bernstein et al. injected aerosols between 06:00 and 08:00 LT and we inserted aerosols at 
8:00 LT during from 1 to 6 h.  
This previous analysis shows how as injection altitudes move from stratosphere and near 
tropopause to troposphere, better spatial control at small scales may be possible, but at higher 
injections rate. 
The studies are influenced by the aerosol module selected to simulate sulfate size-distribution. In 
this aspect, Bernstein et al. used the MOSAIC sectional approach where the size distribution is 
discretized into four sections and sulfate properties are assumed to be constant over particle size 
sections [91]. Instead, we adopted the MADE/SORGAM modal treatment where the size distribution 
is approximated by Aitken and Accumulation modes and standard deviation is assumed to be 
constant in each mode. The latter approach reduces MADE/SORGAM complexity, consuming less 
computational resources than MOSAIC. However, it may also induce errors in the aerosol number 
and mass concentrations [92], [93]. The amount of recent research comparing MADE/SORGAM 
and MOSAIC modules suggests the lack of consensus to use a specific aerosol model (e.g., [93], 
[94]). Thereby, a comprehensive approach that evaluates all model components is needed to assess 
the true performance of specific aerosol process modules over Province of Mendoza. 
In summary, two types of climate engineering approaches are currently being considered in the 
literature: one on a global scale aiming at long term temperature reduction and a second one on short-
term local/regional scale application to offset the impact of heat waves. Although both try to take 
advantages of sulfate aerosol properties, the technological designs are very different. In the 
tropospheric case, design trade off requires the search of low wind and stable layers, which determine 
the size and frequency of the injection. In the stratospheric case, less SO42− aerosol emissions are 
required because the aerosols are injected in a stable layer reaching higher lifetime [55].  
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The primary objective of this research was to examine whether aerosol emissions, considered by 
geoengineering on a global scale [95], might be applied to mitigate meteorological phenomena with 
extremely high daily temperatures on a regional scale.  
The specific objectives of this work were:  
1) to model the behaviour of SO42− aerosols in the troposphere and their influence on temperature 
and surface incident solar radiation, at the regional scale, using an appropriate online coupled 
mesoscale meteorology and chemistry model;  
2) to determine the main geoengineering design parameters using tropospheric SO42− aerosols in 
order to artificially reduce temperature and incoming radiation on surface during short-time events 
of extremely high daily temperatures, and  
3) to evaluate a preliminary technical proposal for the injection of regionally engineered 
tropospheric SO42− aerosols.  
In order to accomplish the abovementioned objectives, we used the WRF/Chem [57], [58] to 
model and evaluate the behaviour of tropospheric SO42− at the regional scale over the Province of 
Mendoza (Argentina) on a clear sky day during a heat wave event which occurred in January 2012. 
In addition, using WRF/Chem, we evaluated the potential reductions in temperature and incident 
shortwave incoming radiation on surface around the metropolitan area of Great Mendoza based on 
an artificially designed aerosol layer and on observed meteorological parameters. 
In the first place, this research showed the ability of WRF/Chem to model the behaviour of 
anthropogenic tropospheric SO42− aerosols on a regional scale, their influence on the temperature 
and on the incident solar radiation at surface, for diverse emission modes and rates. 
In this regard, the numerical modelling with WRF/Chem suggests that the inclusion of SO42− 
aerosols in the troposphere, results in a surface temperature reduction. In addition, the aerosol, with 
appropriate physical and radiative properties, can modify the energy balance on the surface, by 
means of the alteration of the incoming shortwave radiation components and the non-radiative 
sensible heat flux, and atmospheric circulation patterns. The maximum negative anomalies of 
temperature with a mean reduction of 0.5 C, in a 4  4 km2 grid, were registered at an emission rate 
of 1000 g s−1 km−2. 
This research further shows that WRF/Chem is capable of suitably reproducing meteorological 
conditions and atmospheric stability related to the period of study. 
Second, the following conclusions on the tropospheric SO42− aerosol layer design were derived 
from the regional modelling: 
− The aerosol must have a size distribution of Aitken mode (Dp < 0.1 µm); 
− The emission height was located at 4 km a.s.l. (600 hPa) and the minimum height of 
injection was set at 2 km a.s.l. (850 hPa) above the upper limit of the planetary 
boundary layer; 
− The operating cycle of SO42− emission is high (1 hour of emission for every 3 hours 
without emission); 
− The emission rate that produces significant effects on the surface temperature is >1000 
g s−1 per km2. It is recommended that the higher the emission rate, the more it should 
be placed above 2 km a.s.l.  
Third, this research evaluated a preliminary method of tropospheric SO42− aerosol injection based 
on the current anti-hail program of the Province of Mendoza. In this regard, it is estimated that to 
inject 3.6 ton of SO42− per km2 per hour in the Aitken mode, four Cheyenne turboprop aircraft may 
be used. However, the use of those airplanes would be associated to a higher environmental cost of 
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CO2 emissions than those originated from the use of air conditioning systems in the Province of 
Mendoza.  
Finally, it is concluded that, based on the physical and radiative properties of tropospheric SO42−, 
and under meteorological conditions associated to heat wave events, extremely high daily 
temperatures on a regional scale are likely to be reduced by means of the artificial injection of the 
abovementioned aerosols. However, although the results of this research are not conclusive, the high 
rate of injection and the large amount of mass required for its practical implementation in the 
Province of Mendoza by means of the technology currently used by the anti-hail program, makes it 
inefficient and energetically costly. The method further showed that the action of the aerosols cannot 
be limited to a restricted area and, as a result, effects outside the limits of the area of interest are 
likely to be observed. In concordance with previous studies, our results indicate that a large 
tropospheric emission of sulfate aerosols close to the target region might indeed have substantial 
impacts on precipitation, population health and ecosystems [55], [56], [88]. 
The case study here was over the Province of Mendoza, which has an outstanding 
environmental regulation and policy, and therefore, it is expected that the regional-scale sulfate 
aerosol application will receive a very careful review and oversight. This study, performed on a 
specific day, might serve as a guide for other cases of tropospheric SO42− aerosol injection during 
heat wave events. 
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